. Experimental results of metal-nitride-gas equilibration in Fe-Cr melts.
Introduction
In stainless steelmaking processes, a strong nitride-forming element such as titanium is often added to stabilize nitrogen and improve mechanical properties of steel via the grain refinement during hot rolling. Recently, the formation of titanium nitride as a secondary inclusion precipitated during solidification is of great interest because it is known to help the formation of equi-axed cast structure. 1) On the other hand, titanium nitride formed in liquid steel can agglomerate and cause a nozzle clogging problem during continuous casting, and surface defects in final products.
In spite of the importance of inclusion control in Ti-bearing stainless steels, the thermodynamic data of titanium in Fe-Cr melts are not consistent in the literature, [2] [3] [4] [5] and little information is available at temperatures other than 1 873 K. Therefore, the purpose of this study is to obtain reliable thermodynamic data of titanium and nitrogen in Fe-Cr melts as a function of temperature, in order to predict under what condition titanium nitride will form during stainless steel processing.
Experimental Procedures
The metal-nitride-gas equilibration experiments were carried out to determine soluble titanium and nitrogen in Fe-Cr melts in the presence of pure solid TiN under various nitrogen pressures. The experiment was carried out in a graphite resistance furnace in the temperature range of 1 843-1 923 K. A detailed description of the experimental system is given in the previous article. 6) Master alloys of Fe-30mass%Cr and Fe-4mass%Ti were made by melting high purity iron (99.99 mass% purity) and adding chromium (99.9 mass% purity) and titanium (99.5 mass% purity) in a fused magnesia crucible in an Ar-3%H 2 atmosphere using an induction furnace. Desired portions of master alloys were charged to make an intermediate melt composition for each experiment. Fifteen grams of alloy and 1 g of titanium nitride pellets were placed in a high purity alumina crucible (OD: 2.2 cm, ID: 1.8 cm, H: 2.5 cm). A detailed description of the experimental procedure is given in the previous article.
6) It was found that the time required for the metal-nitride-gas equilibrium was longer than 80 h. Therefore, for each set of experiment, the alloy melts with different initial titanium contents (0 and 0.2 mass% Ti) were equilibrated, and hence the equilibrium could be approached from high and low titanium contents with respect to the equilibrium values. After each experiment, the metal samples were quenched and analyzed for Cr and Ti by the ICP-AES, and N and O by the inert gas fusion-infrared absorptiometry. The equilibrium solubility of titanium and nitrogen in Fe-Cr melts was measured in the presence of pure solid TiN under various nitrogen pressures. The activity coefficients of titanium and nitrogen relative to 1 mass% standard state in liquid iron were calculated from the experimental results in the temperature range of 1 843-1 923 K. The first and second order interaction parameters of chromium on titanium and nitrogen were determined as a function of temperature. The validity of thermodynamic parameters determined in the present study was examined by constructing the stability diagram of TiN for Fe-Cr melts and by observing the formation of primary and secondary TiN inclusions at controlled titanium and nitrogen contents in the melt. DG°1ϭ375 402Ϫ172.89T J 7, 8) where K 1 is the equilibrium constant for Reaction (1) , and f Ti is the activity of titanium relative to 1 mass% standard state in liquid iron and f Ti is the activity coefficient of titanium. P N 2 is the nitrogen partial pressure in the gas phase. Under the present experimental condition, the activity of titanium nitride is unity
Results and Discussion

Activity Coefficient of Titanium
The equilibrium constant K 1 can be rewritten as the following relation using the appropriate interaction parameters: 
Cr
Ti are the first and second order interaction parameters of Cr on Ti, respectively. In the present experiment, aluminum content in metal samples in alumina crucibles after the equilibration was less than 50 ppm. Therefore, the effect of Al on Ti activity was assumed to be negligible.
The values of e Table 2 . 2, 7, 9) In Fig. 1 , the values of log f Cr Ti are plotted vs. percent chromium in the alloys using the relation expressed by Eq. (3). The effect of oxygen content in the melt on the f Cr Ti value was not significant at the oxygen level ob- 
tained in the present study. The data determined at different nitrogen partial pressures and temperatures show good linear relationships up to 16 mass% of chromium content. The relationship can be analytically expressed using only the first order interaction parameter, e Fig. 2 . The interaction parameters determined in the present study are compared with previous results [2] [3] [4] [5] in Table 3 . The first order interaction parameter, e Cr Ti was compiled as 0.055 at 1 873 K by Sigworth and Elliott, 2) however, it has been claimed to be the value for the Ni-Cr-Ti system. 10) Wada et al.
3) determined the first and second order parame- Recently, Ozturk et al. 5) used the similar technique as the present study to measure the equilibrium titanium and nitrogen contents in Fe-Cr melts in the presence of pure solid Table 2 . Interaction parameters used in the present study. Table 3 . Interaction parameters of Cr on Ti and N. Cr Ti values determined in the present study will be discussed in the later section.
Solubility of Nitrogen
The dissolution of nitrogen in liquid iron alloys can be written as where K 4 is the equilibrium constant for Reaction (4) , and f N is the activity coefficient of nitrogen in 1 mass% standard state in liquid iron.
Using the similar relations as Eqs. (2) and (3) Table 2 . Fig. 4 , and it can be expressed as Ϫ850/Tϩ0.409. The interaction parameters determined in the present study are compared with previous results 2, 3, 13) in Table 3 .
Thermodynamics of TiN Formation
The reaction equilibrium for the formation of TiN in liquid iron can be written as TiN(s)ϭTiϩN ........................... 
....(7)
DG°7ϭ379 000Ϫ149T J 7) The equilibrium constant K 7 can be rewritten as ... (8) Therefore, using relevant thermodynamic parameters, it is possible to construct the TiN stability diagram for a commercial grade type 409 stainless steel (Fe-11mass%Cr-0.4massSi%-Ti-N) as shown in Fig. 5 . The solid line was calculated using Eq. (8) and the values of e Cr Ti and e Cr N determined in the present study and available thermodynamic data given in Table 2 .
In order to check the validity of the TiN stability diagram, an experiment was carried out to observe under what condition titanium nitride forms at controlled titanium and nitrogen contents in the melt. Three 409 stainless steel samples containing different titanium contents (0.15-0.3 mass% Ti) were equilibrated in an Ar-1.5%N 2 mixture gas atmosphere at 1 873 K for 12 h. The equilibrium nitrogen solubility in the sample melts under this condition was estimated as 0.02-0.025 mass% depending on the initial titanium content from Eqs. (4) and (5) . Titanium nitride pellet was not added in this experiment.
After the equilibration, the samples were water quenched and analyzed for soluble titanium and nitrogen contents (points A, B and C in Fig. 5 ). According to the stability diagram for TiN at 1873 K, the melt with titanium and nitrogen contents of point A would form TiN inclusions, whereas B and C would not form TiN inclusions. Inclusion analysis by EPMA for metal samples identified inclusions in the sample A as TiN as shown in Fig. 6 . The size of these primary TiN inclusions was in the range of 2-3 mm. TiN inclusions were not observed in samples B and C.
Another experiment was carried out to see the effect of lowering melt temperature on the formation of secondary TiN inclusions from Fe-11mass%Cr-Ti-N melt. Three Fe-11mass%Cr samples with titanium contents of 0.1-0.2 mass% were equilibrated in the same Ar-1.5%N 2 atmosphere at 1 873 K for 12 h. The Ar-N 2 gas mixture was switched to an Ar-3%H 2 gas. After holding the sample melts for another 2 h at 1 873 K, the crucibles were slowly raised from the hot zone to a lower temperature zone where the temperature was predetermined as 1 800 K that is a few degrees higher than the melting point of Fe-11mass%Cr alloy (ϳ1 793 K). The sample melts were held at 1800K for an hour, and then the crucibles were pulled out and water quenched. The soluble titanium and nitrogen contents analyzed in metal samples are shown as points D, E and F in Fig. 7 . The stability diagrams for TiN in a Fe-11mass%Cr alloy at 1 873 K and 1 800 K are also shown in the figure. According to the stability diagram, all sample melts would not form TiN inclusions at 1 873 K. However, as the melt temperature decreases to 1 800 K, it can be expected that TiN precipitate as secondary inclusions for samples D and E. Inclusion analysis by EPMA for these samples could not identify any primary TiN inclusions. However, as shown in Fig. 8 , TEM-EDS analysis on sample D and E identified fine secondary TiN inclusions of 0.3-0.5 mm precipitated from the melts on cooling. TiN inclusions were not observed in sample F.
The above results verify that thermodynamic parameters of chromium on titanium and nitrogen determined in the present study are valid for the thermodynamic calculation of TiN formation in Fe-Cr-Ti-N system as a function of temperature.
Conclusions
Thermodynamics of TiN formation in Fe-Cr melts was studied by measuring the equilibrium titanium and nitrogen contents of the melt in the presence of pure solid TiN under various nitrogen partial pressures. The activity coefficients of titanium and nitrogen, and the interaction parameters of chromium on titanium and nitrogen were determined as a function of temperature. Chromium increases the solubility product of TiN in Fe-Cr melt, and the effect of chromium on the solubility product of TiN is primarily due to the large effect of chromium on the solubility of nitrogen in the iron melt. Thermodynamic calculations for TiN formation in Fe-Cr melts using the parameters determined in the present study were in excellent agreement with the experimental results of observing the formation of primary TiN inclusions in the melt at 1 873 K, and the formation of secondary TiN inclusions on cooling.
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